The precise chemical structures of two carotenoid glucoside esters, keto-myxocoxanthin glucoside ester isolated from Myxococcus sp. MY-18 and dehydrorhodopin glucoside ester from cells cultured in a nicotinecontaining medium, were determined as 1'-[( 6-0-acyl-Jl-o-glucopyranosyl)oxy ]-3' ,4' -didehydro-l' ,2'-dihydro-Jl,t/I-caroten-4-one and 1-[( 6-0-acyl-Jl-o-glucopyranosyl)oxy ]-3,4-didehydro-l ,2-dihydro-t/I ,t/Icarotene, respectively. They had Jl-o-glucoside, whose C-6 hydroxyl group was esterified. The major fatty acid was I1-methyldodecanoate with minor components of n-dodecanoate, n-tetradecanoate, and 13-methyltetradecanoate. This composition is different from that of cellular lipids, and the unusual accumulation of phytoene (more than 70% of total carotenoids) is characteristic of this strain.
Myxobacteria are of the gram-negative fruiting gliding type with rod-shaped vegetative cells, and have the unique property of being able to decompose organic matter. They appear commonly in soil, while several species have also been isolated from seashore 1 ) and aquatic habitats. 2 ) We have recently reported the distribution of myxobacteria in a eutrophic lake and the isolation of several Myxococcus species. 3) These strains exhibited different colors such as yellow, orange, and red under different culture conditions. These colors are thought to have been due to the presence of carotenoid pigments. The carotenoids of only two species of Myxococcus have been investigated. More than 20 kinds of carotenoids have been identified from Myxococcus fulvus Mx f2 such as myxobacton ester, myxobactin, 4-ketotorulene and phytoene,4) and its carotenogenesis has been investigated by using inhibitors. 5 ) The carotenogenesis genes of Myxococcus xanthus DKI050 have been investigated,6) light-induced production of an unidentified carotenoid being regulated by some genes. 7 ) We determined the precise chemical structures of ketomyxocoxanthin glucoside ester (myxobacton ester) and dehydrorhodopin glucoside ester from Myxococcus sp. MY-18, and found that the carotenoid glucoside ester and phytoene were accumulated in the cells. Minor carotenoids were also identified, and the pathway for carotenogenesis is proposed.
Materials and Methods
Biological material and cultivation. Myxococcus sp. MY-18 was isolated from sediment taken from Lake Suwa,8) and cultured by shaking in a CY medium 3 ) under illumination by the daylight fluorescent lamps (ca. 170 j.lE· m -2. S -1) at 30°C for 2 days. To inhibit carotenogenesis, 6.0 mM nicotine was added to the medium. The cells were harvested by centrifugation, washed with a 30 mM Tris-HCI buffer (pH 8.0), and stored at -20°C.
Isolation and purification of the carotenoids. Pigments were extracted with chloroform-methanol (1: 2, v/v) from the harvested wet cells, the extract being washed with a 30 mM Tris-HCl buffer (pH 8.0) containing 3% NaCl, and the solvent evaporated. 9 • 10 ) Purification of the pigments was carried out without saponification. Silica gel 60 (Merck, Germany) and DEAE-Sepharose CL-6B (Pharmacia, Sweden) column chromatography, and silica gel HP-TLC (Merck, Germany) were used for the purification process. The HPLC apparatus was equipped with a j.lBondapak C 18 column (Waters, U.S.A.), the eluent being methanol (2.0 mIjmin) as described previously.lO)
Fatty acid analysis. The fatty acid moiety of the carotenoid glucoside esters was converted to fatty acid methyl esters and then purified. 9. 10) The cellular lipids were saponified with 1 N KOH in methanol at 60°C for 60 min, and acidic methanolysis was performed with 2% H 2 S0 4 in methanol at 90°C for 90 min. The fatty acid composition was analyzed by GC-12A GLC apparatus (Shimadzu, Kyoto, Japan) fitted with a capillary column (0.25 mm x 25 m) of HR-SS-IO (Shinwa Chemical Industries, Kyoto, Japan).
Spectroscopic analysis. Absorption spectra were measured by the MCPD-350 photodiode array detector (Otsuka Electronics, Osaka, Japan) of the HPLC apparatus, 11) the molar absorption coefficients in methanol being assumed to be 150 mM -1 . em -1 for the red (475 nm) and the yellow (472 nm) carotenoids, and 40 mM -1 • cm -1 for phytoene (285 nm). 12) Molecular mass was determined by field-desorption mass-spectrometry (FD-MS), using an M-2500 double-focusing gas chromatograph-mass spectrometer equipped with field desorption appearatus (Hitachi, Tokyo, Japan). 13) IH-NMR spectra in CDCl 3 were measured by a JNM-GSX 500 instrument (JEOL, Tokyo, Japan).
Results

Isolation and purification of the pigments
The pigments extracted from Myxococcus sp. MY-I8 were analyzed by HPLC. The elution profiles (Fig. 1) showed six peaks, two red (peaks 1 and 3), two yellow (peaks 2 and 4), and two color less (peaks 5 and 6).
To identify the carotenoids, the pigment extract from ca.
Abbreviations: FD-MS, field-desorption mass-spectrometry; MK, menaquinone
, .
, o. , See the text for details of the chromatographic conditions. -----A 248 • 250 g of the packed cells dissolved in n-hexane was submitted to silica gel column chromatography. The color less compounds corresponding to peaks 5 and 6 by HPLC ( Fig.  1) were eluted with n-hexane. The red pigment corresponding to peak 1 was eluted with chloroform and, successively, the major red pigment corresponding to peak 3 with chloroform-methanol (9: 1, v/v). This purification for each pigment was repeated once more. Next, the color less compounds were purified by silica gel TLC, developing with n-hexane-acetone (99: 1, v/v). The major red pigment was submitted to DEAE-Sepharose CL-6B column chromatography, the pigment being eluted with n-hexane-chloroform (2: 3, v/v). Finally, each pigment was purified preparatively by HPLC.
Identification of the major red pigment
The major red pigment had very polar properties by silica gel column chromatography, while having very hydrophobic properties in a C 1S column by HPLC ( Fig. 1 , peak 3) as already described, suggesting that the pigment was a carotenoid glycoside ester. Shoulder peaks from HPLC were due to different esterified fatty acids. 9 ) The absorption spectrum showed one broad maximum at 475 nm and shoulders at around 450 and 496 nm in methanol. Upon reducing with NaBH 4 , the resulting spectrum showed three absorption maxima (A'max nm: (448), 470, 500; %III/ll =42.3). These data indicate that the reduced pigment was a monocyc1ic carotenoid and that the total number of conjugated double bonds was 12.11) Assignment of the 1 H-NMR spectrum of the major red pigment was made by comparing with that of the standard (Table) . The spectrum of the carotenoid moiety indicates that one end group (Table, left column, un primed number) was identical to that of canthaxanthin [j1,j1-carotene-4,4'-dione].9) The other (primed number) was identical to a 1-hydroxy-3,4-didehydro-l,2-dihydro-t/l-end group,14) except for the 16' and 17' methyl groups, which were shifted to a lower field. These shifts were due to the attachment of a glycoside to the C-I' hydroxyl group, since the same shift has also been observed between a monocyc1ic carotenoid, carotenoid K [1 '-hydroxy-I' ,2'-dihydro-j1,t/I-caroten-4- one], and its glucoside, carotenoid K-
Rhodococcus rhodochrous RNMS 1. 9 ,15) These assignments indicate that the carotenoid moiety was I'-hydroxy-3' ,4'-didehydro-l' ,2' -dihydro-j1,t/I-caroten-4-one and that the glycoside was attached to the C-l' hydroxyl group. The spectrum of the glycoside moiety is identical with that of the carotenoid glucoside ester, carotenoid
, from R. rhodochrous RNMSI,9,15) indicating that it was j1-D-glucoside and that the C-6 hydroxyl group was esterified with a fatty acid. A doublet peak at 0.86 ppm indicates that the fatty acid moiety was of iso type 16 ) with no double bonds in it. An FD-MS analysis indicated that the molecular masses of the red pigment were 910, 924, 938, and 952 comprising 3, 83, 6, and 7%, respectively. The major fatty acid moiety was C 13:0 calculated from the molecular mass of 924 and was of iso type from the NMR spectrum, indicating that it was identical with II-methyldodecanoate. Combined with the GLC analysis, the fatty acid moiety from molecular masses of 910, 938, and 952 seemed to be identical with n-dodecanoate, n-tetradecanoate, and 13-methyltetradecanoate, respectively. On the other hand, the fatty acid composition of total cellular lipids was different; that is, the major acids were 39% 13-methyltetradecanoate, 8% n-hexadecanoate, 10% 15-methylhexadecanoate, and 23% n-hexadecenoate. Interestingly, the major component of the fatty acids in the red pigment, 11-methyldodecanoate, was found as only about 2% in the cellular lipids.
In conclusion, the structure of the major red pigment was determined to be the monocyclic carotenoid glucoside ester, l' -[(6-0-acyl-fJ-o-glucopyranosyl)oxy J-3' ,4'-didehydro-1',2'-dihydro-fJ,t/I-caroten-4-one, and the molecular mass of 924 agreed with that of carotenoid glucoside II-methyldodecanoic acid ester (Fig. 2B) .
This carotenoid has been named deoxyflexixanthin [1'-hydroxy-3' ,4' -didehydro-l' ,2' -dihydro-fJ,t/I-caroten-4-one J, and the carotenoid glucoside has been named myxobacton. 17 ) Since we found some intermediates of this pigment (see below), we have renamed systematically: the carotenoid (deoxyflexixanthin) is keto-myxocoxanthin, the carotenoid glucoside (myxobacton) is keto-myxocoxanthin glucoside, and the red pigment is keto-myxocoxanthin glucoside ester. The non-oxidized carotenoid is myxocoxanthin [3' ,4' -didehydro-l' ,2' -dihydro-fJ,t/I-caroten-l' -olJ ( Fig. 2A) .
Identification of carotenes
Phytoene [7, 8, 11, 12, 7 ',8',11',12' -octahydro-t/I ,t/I-carotene J corresponding to peak 5 by HPLC (Fig. 1 ) was isolated by silica gel TLC of the color less fraction from silica gel column chromatography. Its absorption maximum was at 285 nm in methanol, and its molecular mass was 544. Its identity was confirmed by the IH-NMR spectrum, indicating a mixture of all-trans and 15-cis phytoene.
18 ) Phyto- 11) in the carotene fraction as minor components. Quinone corresponding to peak 6 by HPLC (Fig. 1) was also isolated by silica gel TLC of the color less fraction from silica gel column chromatography, the major constituent being identified as menaquinone (MK -8) based on its absorption spectrum and the FD-MS spectrum (m/z: 716). The composition calculated from the FD-MS spectrum was 5.8% MK-7, 87.50/0 MK-8, and 6.6% MK-9, which is similar to that of M. fulvus Mx f2. 19) 
Identification of the other carotenoids
A small amount of a yellow pigment corresponding to peak 4 by HPLC (Fig. 1 ) also existed in the major red pigment fraction from silica gel column chromatography. This was purified by HPLC and finally by KC-18 TLC (Whatman, U.S.A.), developing with chloroform-methanol (3: 17, v/v). It was the carotenoid glycoside ester based on its polar properties from silica gel TLC and hydrophobic properties from C 18 -TLC. The absorption spectrum in methanol showed maxima at 472 and 503 nm, a shoulder at 449 nm, and %IIIjII 44.1, indicating that it was a monocyclic carotenoid and that the total number of conjugated double bonds was 12.11) Its major molecular mass was 910 with minor components of 896, 924, and 938, and the composition was similar to that of keto-myxocoxanthin glucoside ester. Therefore, the structure of this pigment was myxocoxanthin glucoside ester [1' -[(6-0-acyl-fJ-D-glucopyranosyl)oxy]-3',4' -didehydro-l' ,2' -dihydro-fJ,t/I-carotene]. The major fatty acid was C 13 : 0 , with minor components of C 12 : 0 , C 14 : 0 , and C 15 : 0 based on the FD-MS spectrum, although identification of these fatty acids by GLC was difficult because of their low content. This compound corresponds to the monocyclic carotenoid glucoside ester, which has been isolated from a reincubated anaerobic culture of M. fulvus Mx f2 after removing nicotine.
)
A red and a yellow pigments corresponding to peaks 1 and 2, respectively, from HPLC ( Fig. 1) were purified. Since they were adsorbed by silica gel TLC, but not by C 18 -TLC, they seemed to be the carotenoid glycosides. Their absorption spectra were the same as those of ketomyxocoxanthin glucoside ester and myxocoxanthin glucoside ester, respectively. Molecular masses were 728 for the red and 714 for the yellow pigment. Therefore, they were keto-myxocoxanthin glucoside [1' -[(fJ-o-glucopyranosyl)-oxy]-3' ,4' -dideh ydro-I' ,2' -dihydro-fJ, t/I-caroten -4-one] and myxocoxanthin glucoside [1' -[ (fJ-o-glucopyranosyl)oxy]-3',4'-didehydro-l ' ,2'-dihydro-fJ,t/I-caroteneJ, respectively. The presumed intermediates of 1 I-hydroxy-! , ,2' -dihydro-ycarotene [1',2' -dihydro-fJ,t/I-caroten-I' -oIJ, myxocoxanthin and keto-myxocoxanthin (Fig. 3) were not found.
The composition of the carotenoids was 71.1 % phytoene, 0.1 % myxocoxanthin glucoside, 2.6% myxocoxanthin glucoside ester, 0.4% keto-myxocoxanthin glucoside, and 25.8% keto-myxocoxanthin glucoside ester.
Inhibition of nicotine
It is well known that nicotine inhibits the cyclization of carotenoids. We tested the inhibition by nicotine with Myxococcus sp. MY -18. Adding 6.0 mM nicotine to the medium completely inhibited the cyclization of lycopene, and had no effects on growth. Four carotenoid peaks were detected by HPLC (data not shown). In the carotene fraction, phytoene and lycopene were found, whose identities were confirmed by the absorption spectra and the molecular masses. Small amounts of phytofluene, ,-carotene, and neurosporene were also detected in the absorption spectrum of this fraction. The yellow carotenoid was identified as rhodopin [I ,2-dihydro-1/.t ,I/.t-caroten-I-ol], based on its retention time from HPLC, the absorption spectrum, the molecular mass of 554, and the presence of one tertiary hydroxyl group confirmed by trimethylsilylation. 11,13) The last orange carotenoid was a carotenoid glycoside ester based on its polar properties from silica gel TLC and hydrophobic properties from C 18-TLC. Since its absorption spectrum in methanol showed maxima at 458, 481, and 513 nm, and %III/II 50.5, it was an acyclic carotenoid with 12 conjugated double bonds. 11) The major molecular mass was 910, with minor components of 896, 924, and 938. The 1 H-NMR spectrum indicated that one end group of the carotenoid moiety (Table, right column, primed number) was identical with that of lycopene. 9) The spectrum of the other (unprimed number), the glycoside moiety, and the fatty acid moiety were identical with those of keto-myxocoxanthin glucoside ester. These assignments indicated that the carotenoid moiety was 3,4-didehydrorhodopin, that the glycoside moiety was [3-o-glucoside with its C-6 hydroxyl group esterified with a fatty acid, and that the fatty acid moiety was of iso type. Therefore, the structure of this pigment was identified as dehydrorhodopin glucoside ester, 1-[( 6-0-acyl-[3-o-glucopyranosyl)oxy ]-3,4-didehydro-l ,2-dihydro-I/.t ,I/.t-carotene, with ll-methyldodecanoate dominating (Fig. 2C) .
The carotenoid composition of the nicotine-inhibited culture was 79.2% phytoene, 9.8% lycopene, 3.1 % rhodopin, and 7.8 % dehydrorhodopin glucoside ester.
Discussion
The precise chemical structures of keto-myxocoxanthin 4 ,5) and St. aurantiaca, 21) was not found in this strain. These carotenoid glucoside esters may be characteristic carotenoids of gliding bacteria.
The major fatty acid of the carotenoid glucoside esters from Myxococcus sp. MY -18 was 11-methyldodecanoate, and the minor ones were n-dodecanoate, n-tetradecanoate, and 13-methyltetradecanoate. The major species was found in only a small amount in the cellular lipids, this composition being distinct from that in the cellular lipids. The average number of carbons in the fatty acids from the carotenoid glucoside esters (about 13) is smaller than that from the cellular lipids (15.6), while that isolated from R. rhodochrous RNMSI (18.4) was larger than that from the cellular lipids (16.8).8,15) On the other hand, the fatty acid compositions of the carotenoid glucoside esters from M.fulvus,4) St. aurantiaca,21) So. compositum,24) and H. giganteus 22 ) have been reported to be similar to those of the cellular lipids.
We propose from these present results a possible biosynthetic pathway for the carotenoid glucoside esters in The right column is a nicotine-inhibited culture. The carotenoids in parentheses were not detected.
Myxococcus Sp. MY-18 (Fig. 3) . Phytoene is first desaturated to lycopene by phytoene desaturase. Three enzymes (cyclase, hydrase, and desaturase) participate in the biosynthesis of myxocoxanthin from lycopene. The presence of y-carotene indicates that lycopene is cyclized to y-carotene and that cyclase may be more active than hydrase. Cyclase may recognize ljI-ionone and cyclize opposite ljI-ionone to j1-ionone. When treated with nicotine (right column), cyclase was completely inhibited at 6.0mM. The presence of rhodopin indicates that lycopene would be directly hydrated to rhodopin without cyclization and that hydrase may be more active than desaturase. Hydrase and desaturase may recognize j1-ionone and ljI-ionone, but not hydroxyl ",-ionone, and catalyze the opposite end group. In the untreated culture, a small amount of lycopene may also be hydrated to rhodopin as the nicotine-inhibited culture. y-Carotene may be hydrated to 1'-hydroxy-l',2'-didehydro-y-carotene, giving the final product myxocoxanthin. Since myxocoxanthin glucoside and keto-myxocoxanthin glucoside were found in the untreated culture, we assume that myxocoxanthin glucoside ester and ketomyxocoxanthin glucoside ester were formed by the addition of j1-D-glucose to carotenoid and subsequent esterification.
The pathway for the introduction of a keto group into the carotenoid moiety, myxocoxanthin to keto-myxocoxanthin, is not presently clear, and part of the biosynthetic pathway, especially the formation of glucoside and ester, is different from that of M. fulvus Mx f2 reported by Kleinig.
)
A large amount of phytoene (71 % of total carotenoid) was found in this strain. This may have been due to the low activity of phytoene desaturase. Such an accumulation
